Strengthening of titanium silicon carbide (Ti 3 SiC 2 ) was investigated by the grain orientation control and silicon carbide (SiC) whisker dispersion. Ti 3 SiC 2 with preferentially oriented grains was prepared by hot-pressing of milled Ti 3 SiC 2 powder. Composites were also fabricated by hot-pressing of a blend of the milled Ti 3 SiC 2 powder and SiC whiskers. During hot-pressing, the preferential orientation of Ti 3 SiC 2 grains was achieved while the precipitation of titanium carbide (TiC) occurred. As a result, 4-point bending strength of preferentially-oriented Ti 3 SiC 2 was approximately 1.5 times the randomly-oriented pure Ti 3 SiC 2 in a temperature range from room temperature to 1073 K. The bending strength of Ti 3 SiC 2 with 15 vol% whiskers reached approximately 1 GPa, approximately 3 times the randomly-oriented pure Ti 3 SiC 2 , in the range to 1073 K. The results in this study indicate that the strengthening effect on Ti 3 SiC 2 was contributed from the orientation control, TiC precipitation and SiC whisker dispersion.
Introduction
Titanium silicon carbide (Ti 3 SiC 2 ) is a unique material showing both ceramic and metallic merits such as high elastic modulus (320 GPa), oxidation resistance at elevated temperatures (parabolic rate constant of 2 Â 10 À8 kg 2 m À4 s À1 at 1273 K), high electrical and thermal conductivities (4:5 Â 10 6 À1 m À1 and 43 Wm À1 K À1 , respectively) both two times larger than pure titanium, excellent thermal shock resistance (Bending strength not affected by quenching from 1400 degrees Celsius into water.), high damage tolerance and the machinability comparable to graphite. 1) This material is, therefore, expected to be applied to some components for some high temperature applications such as power generation plants. However, its strength (4-point bending strength: 260 MPa 1) ) is insufficient as structural materials used in such harsh environments compared with alpha-silicon carbide (3-point bending strength: 451-686 MPa 2) ), beta-silicon nitride (784-1303 MPa 2) ) and partially stabilized zirconia (294-1568 MPa 2) ). Ti 3 SiC 2 has a crystal structure composed of octahedral TiC structures and planar Si layers stacking alternately in the direction of c-axis shown in Fig. 1 . Bonding of atoms in the TiC octahedrons is very strong but bonding between Ti planes and the Si layers is relatively weak, especially in shear, 3) which results in the easiness of cleavage fracture between the Ti planes and Si layers. Thus, Ti 3 SiC 2 shows the strength anisotropy. Ti 3 SiC 2 also shows the crystal growth anisotropy. The growth rate along the a-axis (parallel to cplane) is much larger than that along the c-axis, 4) which results in the formation of plate-like crystal grains. Bulk Ti 3 SiC 2 with higher purity is mostly synthesized by the reaction sintering of a powder mix of Ti, Si and TiC 5) or Ti, SiC and C.
1) The synthesized Ti 3 SiC 2 shows usually randomly-oriented polycrystalline microstructure. In general, brittle materials including ceramics break by tensile stress induced in them during bending test, because they have much lower strength in tension than in compression. The basal plane deformation, which causes the easiness of cleavage, in randomly-oriented polycrystalline Ti 3 SiC 2 contributes to the damage tolerance and the good machinability. However, this property is also responsible for its insufficient bending or tensile strength, since statistically part of the grains are oriented in favor of cleavage in the stress field. If the platelike grains are oriented in the same direction, Ti 3 SiC 2 would show very high tensile strength in the direction parallel to cplane of the oriented grains and therefore, would also show high bending strength when c-plane of the oriented grains is parallel to the direction of tensile stress field induced during bending test. In this report, strengthening of Ti 3 SiC 2 was investigated by using two techniques, the control of crystal grain orientation and the incorporation of silicon carbide (SiC) whiskers into the microstructure.
Experimental Procedure
Ti powder (99.9% pure, under 45 mm in particle size), Si powder (99.9%, under 10 mm), TiC powder (99%, average 1.72 mm) and SiC whiskers (99%, 0.3-0.6 mm in diameter and 5-15 mm in length) were used as starting materials. First, Ti 3 SiC 2 was synthesized by heating a powder blend of Ti, Si and TiC at a molar ratio of Ti : Si : TiC ¼ 2 : 2 : 3 at 1673 K for 7.2 ks in a vacuum furnace. The synthesized Ti 3 SiC 2 was milled by a vibratory ball mill with an alumina-lined mill vessel and zirconia balls until the particle size became under 20 mm. The milled powder was mixed with 10, 15 and 20 vol% SiC whiskers by a tumbling ball mill for 144 ks with the alumina-lined mill vessel and small zirconia balls. The small balls were used for mixing in order to unravel SiC whiskers while without breaking them. The milled Ti 3 SiC 2 powder and those mixed with SiC whiskers were hot-pressed at 1623 K under a uniaxial pressure of 50 MPa for 900 s in vacuum by a pulse discharge sintering apparatus (Sodick PAS-V). Cylindrical carbon molds were used for sintering. The milled powder and the hot-pressed samples were analyzed by X-ray diffractometry (XRD) with CuK radiation for phase identification. Before XRD measurement, the surface of the hot-pressed bodies in disc shape was ground by a surface grinding machine. The surface on which XRD measurement was done is perpendicular to the loading direction during hot-pressing. 4-point bending test pieces (2 mm Â 4 mm Â 36 mm) were cut from the hot-pressed compacts by an electric discharge machine, and polished by a polishing machine with diamond polishing papers and finished with a 1-mm diamond suspension. The thickness of the test pieces was reduced from 3 mm to 2 mm because that fracture load exceeded the load capacity of a test jig. 4-point bending test was conducted based on JIS R 1601 at room temperature and based on R 1604 at 773 K and 1073 K in vacuum except the thickness of test pieces (2 mm). Three or four test pieces were used for the test at one testing temperature. The hardness was measured by a Vickers hardness tester with a load of 9.8 N and duration of 15 s. Fracture surfaces after the bending test and the indentations formed by the hardness tester were observed by scanning electron microscopy.
Results and Discussion
X-ray diffraction patterns of the milled Ti 3 SiC 2 powder and its hot-pressed compact are shown in Fig. 2 . The milled powder consists of Ti 3 SiC 2 with a small amount of Ti 5 Si 3 and the hot-pressed consists of Ti 3 SiC 2 and TiC. Compared with the milled Ti 3 SiC 2 powder, the intensity of peaks from Ti 3 SiC 2 (008) and Ti 3 SiC 2 (006) of the hot-pressed sample becomes stronger while that from Ti 3 SiC 2 (104), the strongest peak of Ti 3 SiC 2 described in JCPDS (Joint Committee on Powder Diffraction Standards) data, becomes weaker. This suggests that c-plane of most Ti 3 SiC 2 crystal grains in the hot-pressed sample is parallel to the surface on which XRD measurement was performed. This surface is perpendicular to the loading direction during hot-pressing. That is, c-planes of Ti 3 SiC 2 crystal grains are preferentially aligned perpendicular to the loading direction. This orientation of Ti 3 SiC 2 crystal grains was confirmed by microstructure observation. Figure 3(a) shows an SEM image of a fracture surface of a hot-pressed sample. The loading direction during hot-pressing is shown by an arrow. As most of the plate-like crystal grains of Ti 3 SiC 2 are oriented in the direction perpendicular to the loading direction, they look long and thin in shape. As mentioned in the introduction, Ti 3 SiC 2 crystal grains have the plate-like shape due to the crystal growth rate anisotropy. Although the synthesized Ti 3 SiC 2 has the microstructure of randomly-oriented poly crystals in general, it is possible to form particles each made of a single crystal grain by milling. If the milled Ti 3 SiC 2 powder particles mostly consist of such single crystal grain, the particles are mostly plate-like or flaky in shape. Figure 4 shows an SEM image of the milled Ti 3 SiC 2 powder particles. Most of the particles have irregular but flaky shapes. These flaky particles are easily oriented in the direction perpendicular to the loading direction during hot-pressing. Murugaiah et al. 4) made highly oriented Ti 3 SiC 2 by tape-casting or cold-pressing followed by pressureless sintering, by using a commercial flaky Ti 3 SiC 2 powder. Before cold-pressing, the powder was poured into a steel mold and vibrated manually to promote the flaky particle orientation. Even such a simple operation is effective for the orientation of flaky Ti 3 SiC 2 powder.
We can find in the XRD pattern of the hot-pressed sample shown in Fig. 2 that the intensity of peak from TiC(111) is stronger than that from TiC(200), the strongest peak in the JCPDS data. This means that (111)-plane of TiC has a tendency to be oriented in the same direction as c-plane of Ti 3 SiC 2 . As shown in Fig. 1 , Ti 3 SiC 2 includes TiC octahedrons in the crystal structure and (111)-plane of the octahedrons is parallel to c-plane. It is, therefore, reasonable to suppose a possible mechanism of TiC orientation that TiC was formed by the decomposition of Ti 3 SiC 2 after the orientation of Ti 3 SiC 2 grains, although the decomposition reaction was not confirmed.
TiC content in the hot-pressed sample is usually calculated by an empirical formula from the ratio of XRD peak intensity of Ti 3 SiC 2 (104) to TiC(200) for randomly-oriented Ti 3 SiC 2 -TiC composites. 6) However, this formula is not confirmed to be available for the composites with preferentially-oriented grains. Therefore, we calculated TiC content in the hotpressed body from its density by assuming that the hotpressed body is fully dense. The density measured by Archimedes method was 4555 kg/m 3 which corresponds to Ti 3 SiC 2 -8.8 vol%TiC composite.
The orientation of Ti 3 SiC 2 and TiC grains was also observed in the composite samples hot-pressed from the blends of milled Ti 3 SiC 2 powder and SiC whiskers. Figure 5 shows XRD patterns of the hot-pressed Ti 3 SiC 2 -10, 15 and 20 vol%SiC whiskers. The peak intensity from Ti 3 SiC 2 (008) is stronger than Ti 3 SiC 2 (104) and that from TiC(111) is stronger than TiC(200) in every pattern. Different from the hot-pressed Ti 3 SiC 2 , weak peaks from TiSi 2 were detected. It is supposed that TiSi 2 was formed by a reaction between Ti 3 SiC 2 and SiC as follows;
This reaction increases TiC content, which is confirmed by the fact that the intensity ratio TiC(200)/Ti 3 SiC 2 (008) of the hot-pressed Ti 3 SiC 2 -10, 15 and 20 vol%SiC whiskers increased in comparison with the hot-pressed Ti 3 SiC 2 powder shown in Fig. 2 .
Loading direction in 4-point bending test was selected to be parallel to c-plane of Ti 3 SiC 2 grains in the test pieces as shown in Fig. 6 , such that tensile stress is expected along cplane in the lower part of the test pieces. As the pieces are broken by this tensile stress, the bending strength is expected 10µm 10µm Fig. 4 to be the highest under this loading condition due to the strength anisotropy. Figure 7 shows an average strength of the material hot-pressed from the milled Ti 3 SiC 2 powder (524 MPa) plotted against its TiC content (8.8 vol%). In the figure, the strength of randomly-oriented Ti 3 SiC 2 -TiC composites hot-pressed from a powder blend of Ti, Si and TiC is plotted against their TiC contents. 7) Compared with the strength of the randomly-oriented Ti 3 SiC 2 -8.8 vol%TiC composite (405 MPa) estimated from a line connecting the strength data of randomly-oriented Ti 3 SiC 2 -TiC composites, the oriented one shows a higher average strength by 119 MPa. Compared with the strength of a randomly-oriented pure Ti 3 SiC 2 (the leftmost point in the figure: 355 MPa), the strength of the hot-pressed Ti 3 SiC 2 in this study is about 1.5 times higher. In short, the improved strength in the hotpressed Ti 3 SiC 2 is attributed to the collaborative effect of the preferential grain orientation and the TiC precipitation that is likely resulted from the decomposition of Ti 3 SiC 2 . As you might have noticed, the preferentially-oriented sample shows so scattered strength data compared with the randomlyoriented one in spite that the test pieces of both samples were prepared in the same manner and had the similar smooth surface. The preferentially-oriented sample includes titanium carbide precipitates as already shown in Fig. 2 . These precipitates are very hard and brittle, and contribute to the strengthening of the sample while they make it more brittle. In general, brittle materials are very sensitive to defects and therefore their strengths are widely scattered. We checked the fracture surface of the test pieces by SEM and found some defects on the fracture surface as origins of the fracture. These defects had the different microstructure from their surrounding areas. We believe the brittleness of the preferentially-oriented sample is one of the reasons for the scattering data.
Variations in 4-point bending strength of the hot-pressed materials with test temperature are summarized in Fig. 8 . Except for 15-vol% addition, the addition of SiC whiskers offered some advantage in strengthening at room temperature and at 773 K. 10-vol% addition had an effect only for the strength at 1073 K. On the other hand, 15-vol% addition of SiC whiskers dramatically strengthened the hot-pressed Ti 3 SiC 2 in a wide temperature range. The average bending strength reached at 990 MPa at room temperature, 996 GPa at 773 K and 937 GPa at 1073 K. To consider the cause of strength dependence on the whisker content, we checked the crystal grain size distribution at fracture surface by using an image analysis software on the SEM images. The size distribution is shown in Fig. 9 for all samples. We found that all preferentially-oriented samples had smaller averages and sharper distributions of crystal grain size compared with the randomly-oriented one. Especially, 15-vol% SiC whisker added sample showed the sharpest distribution. It is supposed the size and its distribution of crystal grains contribute to the strength.
Vickers hardness measured on the surface perpendicular to the loading direction is shown as a function of SiC whisker content in the starting materials in Fig. 10 . The hardness is increased by the addition of SiC whiskers but a linear relation between the hardness and SiC content is not available. As mentioned above, the addition of SiC whiskers increased TiC content due to the reaction between Ti 3 SiC 2 and SiC. It is considered that the increase in TiC content is responsible for the increase in hardness. Unfortunately, TiC content could not be estimated for the hot-pressed Ti 3 SiC 2 -SiC samples because of their complex phase constitution. According to Nickl et al., 8) Knoop hardness measured on the surface of a Ti 3 SiC 2 single crystal showed a large difference depending upon crystallographic planes. The hardness normal to c-plane was roughly 3 times that parallel to c-plane. However, Vickers hardness measured on the surfaces perpendicular and parallel to the loading direction during hot-pressing showed a small difference in our experiment except for the shape of indentations. The indentations formed on the surface perpendicular to the loading direction were square in shape, while those on the surface parallel to the loading direction were rhomboids whose major axis was parallel to c-plane of the oriented Ti 3 SiC 2 grains. Our specimens were polycrystalline and included the precipitated TiC and/or SiC whiskers, which might be responsible for the small difference in the loading direction.
Conclusions
Titanium silicon carbide was strengthened by the control of grain orientation and dispersion of SiC whiskers. The preferential grain orientation of Ti 3 SiC 2 was achieved by hotpressing of the milled Ti 3 SiC 2 powder. During hot-pressing, the orientation of Ti 3 SiC 2 grains and the precipitation of TiC occurred. The precipitated TiC also had a tendency to be preferentially oriented. The preferentially-oriented Ti 3 SiC 2 without SiC whiskers exhibited a 4-point bending strength of approximately 1.5 times that of the randomly-oriented pure Ti 3 SiC 2 in the temperature range up to 1073 K. The bending strength of the preferentially-oriented Ti 3 SiC 2 with addition of 15 vol% whiskers reached approximately 1 GPa, 3 times the randomly-oriented pure Ti 3 SiC 2 , up to 1073 K. 
